Background. Dialysis patients and patients with chronic kidney disease (CKD) experience a substantial risk for abnormal autonomic function and abnormal heart rate variability (HRV). It remains unknown whether HRV changes across sleep stages in patients with different severity of CKD or dialysis dependency. We hypothesized that high-frequency (HF) HRV (vagal tone) will be attenuated from wakefulness to non-rapid eye movement (NREM) and then to rapid eye movement (REM) sleep in dialysis patients as compared to patients with CKD. Methods. In-home polysomnography was performed in 95 patients with stages 4-5 CKD or end-stage renal disease (ESRD) on haemodialysis (HD) or peritoneal dialysis Nocturnal HRV response in CKD/ESRD 3733
Introduction
In healthy subjects, the normal heart rate is generated by action potentials in the cells of the sinoatrial node at a fairly constant frequency. This frequency is modulated by many factors that add variability to the heart signal at different frequencies throughout the day [1, 2] . Low-frequency variability (LF; 0.04-0.15 Hz) reflects changes in cardiac sympathetic (and possibly parasympathetic) nerve activity [3, 4] , while high frequencies (HF; 0.15-0.4 Hz) are primarily modulated by cardiac nerve parasympathetic activity [5] . Sleep is intimately involved in the autonomic regulation of arterial pressure and heart rate. Past studies in healthy participants have shown that non-rapid eye movement (NREM) sleep is characterized by vagal (parasympathetic) predominance leading to reductions in arterial pressure and heart rate, while rapid eye movement (REM) sleep is associated with increased sympathetic activity [6, 7] resulting in relative tachycardia and hypertension. Hence, cardiac vagal tone increases from wakefulness to NREM sleep [8, 9] , while sympathetic activity increases significantly during REM sleep [8] in the general population. These changes result in a high beat-to-beat variation in heart rate, which is considered a marker of a functionally efficient autonomic control. Abnormal fluctuations in the continuous cycling of NREM and REM sleep phases may be associated with marked changes in normal patterns of heart rate variability (HRV), with potential adverse consequences including hypertension, myocardial infarction and sudden cardiac death [7] .
Despite the association of abnormal patterns of HRV with an increased risk of sudden cardiac death in cardiac disorders [ischaemia, chronic heart failure (CHF), valvular disease], stroke and diabetes [10] [11] [12] [13] , determinants of such patterns have not been established in patients with renal impairment. Previous studies that have directly assessed autonomic outflow (microneurography) have documented an abnormal sympathetic overactivation in awake subjects with renal dysfunction and end-stage renal disease (ESRD) [14, 15] . It remains unknown whether vagal or sympathetic influences predominate across sleep stages in patients with chronic kidney disease (CKD) or ESRD with dialysis dependency. Furthermore, the impact of abnormal sleep patterns [16] and sleep disorders on HRV remains relatively underexplored in patients with renal dysfunction. Based on the underlying risk of sudden death in ESRD [17] , incidence of cardiomyopathy in ESRD and dysautonomia [18] , and influence of dialysis on HRV [19] , we hypothesized that dialysis patients would have significantly less high-frequency HRV (reflecting vagal output) compared to CKD patients in wakefulness. Furthermore, we hypothesized that the expected increase in the HF component during the transition from wakefulness to NREM sleep will be attenuated in dialysis patients as compared to those with CKD stages 4 and 5. Finally, we examined the extent to which demographic characteristics, laboratory values, comorbidity, use of medications and polysomnography (PSG) outcome variables were associated with decrements in HRV in our population of CKD and dialysis patients.
Materials and methods

Study population
Patients were enrolled from local dialysis units, outpatient nephrology clinics and the Thomas E. Starzl Transplant Institute in Western Pennsylvania between April 2004 and November 2006. Patients were eligible to participate if they were older than 18 years, had an estimated GFR <30 mL/min/1.73 m 2 or were on maintenance dialysis (either haemodialysis, HD or peritoneal dialysis, PD). Patients were excluded from the study, if they had: craniofacial abnormalities, actively treated sleep apnoea, active malignancy, active infection (e.g. pneumonia), active coronary artery disease (CAD) (e.g. unstable angina, myocardial infarction within the last 6 months), advanced cirrhosis, active alcohol abuse, dementia or treatment-refractory psychiatric disease leading to inability to provide informed consent. All inclusion/exclusion criteria were confirmed by interview and ascertained by reviewing the patients' medical records. The study was approved by the University of Pittsburgh Investigation Review Board (IRB protocol numbers: 312047, 501068, 604042), and all participants provided informed consent.
Data collection and validation
Baseline data collection included a brief standardized health interview and a self-completed questionnaire, assessment of current use of beta-blockers and other medication use (anti-depressants, sleep-inducing agents, opioids), blood pressure and anthropometric measurements. The selfcompleted questionnaire (administered before or at the time of the baseline examination) provided information on age, gender, race and body mass index (BMI). For this report, race was categorized as African American or European American. Depression, diabetes and cardiovascular disease (CVD) were categorized as separate confounders. Laboratory data were collected from patient's medical records, and the most recent values available (in the last 3 months) to the time of study were used. Such data included serum levels of haemoglobin, albumin, calcium, phosphorus and bicarbonate. Furthermore, serum levels of creatinine were collected for the CKD population in order to estimate the GFR, and the most recent Kt/V was obtained (an indicator of dialysis adequacy) for both dialysis groups from their dialysis records.
Selection of covariates
The selection of covariates was guided by factors found to be associated with changes on HRV in the general population and included: (i) Demographics: age, gender and race [20] [21] [22] ; (ii) Anthropometrics: obesity [23] ; (iii) Disease and dialysis treatment-related factors: a number of studies have examined clinical (mode of dialysis, delivered dose of dialysis) and laboratory (haemoglobin, serum albumin, serum creatinine, serum phosphorus and calcium, serum bicarbonate) factors [24] ; (iv) Psychiatric disorders: Depression has also been inconsistently reported to be associated with an overall reduction in total HRV [25, 26] ; (v) Comorbidity: Diabetes has been linked to decreased HRV, while CVD morbidity and mortality have also been linked to decreased HRV [27, 28] ; (vi) Use of medications (beta-blockers, anti-depressants, sleep-inducing agents and opioids): Numerous large-scale randomized trials have shown that prolonged beta-blocker administration in chronic heart failure patients significantly improved their long-term prognosis, presumably due to a decrease in sympathetic activity and in HRV [29] [30] [31] [32] . Antidepressant agents can cause electrophysiological changes of cardiac function leading to ventricular arrhythmias and sudden death. However, antidepressants have also protective effects on the heart through their capacity to modulate cardiac autonomic mediated physiological responses [33] ; (vii) PSG outcome variables included [periodic limb movements index (PLMI), apnoeahypopnoea index (AHI), arousal index (AI), total sleep time (TST), sleep efficiency, stages of sleep (stage 1, 2, 3 and 4, REM)]: Sleep apnoea may directly or indirectly (through sleep arousal) increase HRV [34] . In previous studies of patients without renal dysfunction, periodic limb movements have been associated with an excessive sleep fragmentation and abnormal HRV [35, 36] .
Sleep assessment and HRV measurement
One night of in-home PSG recording was performed using an ambulatory Compumedics Siesta monitor (Charlotte, North Carolina). Trained PSG technologists scored sleep records using standard sleep stage scoring criteria for each 20-s epoch, and standard definitions were used to identify apnoeas and hypopnoeas as previously described [37] . Each study was separated into stages of NREM and REM sleep. Four contiguous minutes of each study representing wakefulness, NREM sleep and REM sleep were analysed.
Frequency domain measures of HRV were calculated using fast Fourier transform-based power spectral analysis of interbeat intervals during sleep (Mindware ® , Ghanna, OH) [38] . Each participant's EKG record was visually inspected in 2-min epochs to identify ectopic beats and arrhythmias. If over nine arrhythmias or a 10-sec pause was noted in an epoch, the epoch was excluded. The entire record was excluded if there were nine or more arrhythmic beats in over 50% of the record. Power was calculated for the low-frequency (LF) band (0.04-0.15 Hz Eq) and the high-frequency (HF) band (0.15-0.40 Hz Eq). Analyses for this report focus on the HF band, as a marker of vagal (parasympathetic) activity, and the LF/HF ratio, as an indicator of sympathovagal tone. Both HRV variables were transformed prior to analyses (natural logarithm) due to skewness of the retrieved data and are presented as natural logarithm of HF (LNHF) and natural logarithm of LF/HF ratio (log LF/HF).
Definitions and assessments
Adequate HD was defined as a thrice-weekly in-centre HD with single-pool Kt/V (spKt/V) >1.4 or urea reduction ratio (URR) >65% for the last 3 months prior to enrolment. Adequacy of PD was assessed by the patient's weekly Kt/V. Kidney function in CKD patients was estimated by the Modification of Diet in Renal Disease (MDRD) equation [39] . Diabetes was defined by self-reporting and by current use of insulin or oral hypoglycaemic agents. CVD was defined as an affirmative response to physician diagnosed heart failure, previous myocardial infarction or heart attack, or previous coronary artery bypass or angioplasty. PLMI, AHI and AI were defined as the number of periodic leg movements, the number of apnoeas-hypopnoeas and the number of arousals per hour of sleep, respectively. Sleep efficiency (SE) was defined as the percentage of time in bed spent sleeping, while parameters of sleep architecture represented the percentage of TST spent in stage 1, stage 2, stages 3-4 and REM sleep.
Depression was assessed using the Patient Health Questionnaire (PHQ) [40] , which is an established questionnaire that covers symptoms of major depressive disorder, as well as subsyndromal variants.
Statistical analysis
Non-parametric statistics (e.g. medians and interquartile ranges) were used to describe the continuous variables. For categorical variables, numbers of patients and their percentages are reported. Equality of the summary measures or percentages of patients for a particular risk factor were tested by chi-square test for categorical variables and Mann-Whitney U-test for continuous variables. The corresponding P-values are reported.
The association between HRV variables and covariates was analysed both with methods for repeated measures data as well as with methods for non-repeated outcomes. The first approach acknowledges the correlation among HRV variables obtained in a particular patient at the different stages (wakefulness, NREM and REM sleep stage) when assessing the influence of predictors on the HRV response. The second approach analyses the HRV outcome variables separately at each stage of sleep. Due to the non-normal distribution of the outcome variables, we utilized generalized estimating equations (GEE) [41, 42] and quantile regression for the repeated and non-repeated measures analyses, respectively [43] . Univariate quantile regression modelling was used in order to select covariates (P-value ≤ 0.05) for multi-variable GEE and quantile regression models. Quantile regression allowed us to look for differential associations at the extremes (extremely low or extremely high) and the typical HRV responses. For the purpose of comparing the effects of predictors on different ranges of the outcome variable, we designated the first, middle and upper three deciles as low, middle and upper, respectively. All analyses were performed in R v2.9.1 and SPSS v15.0.
Results
Study population
Overall, 95 patients were assessed, and their characteristics by treatment status are shown in Table 1 . Twenty-seven patients (28.4%) had stages 4 and 5 CKD, and 68 (71.6%) were dialysis dependent (ESRD). Fifty-six individuals with ESRD (82.3%) were receiving a thrice-weekly in-centre HD, and 12 (17.7%) were using PD. The median age of the whole population was 51 (25th and 75th percentile: 42, 63), 64.2% (n = 60) were male, 64.2% (n = 61) were European American and 20.4% (n = 19) were diabetic. There were more men in the non-dialysis-dependent CKD group compared to the dialysis group (70.4% vs. 60.3%). A statistically significant difference was observed for the serum levels of phosphorus (P = 0.05), TST (P = 0.01) and SE (P = 0.01) between advanced CKD and dialysis patients. For the HD population, the average spKt/V was 1.63 (±0.3). For the PD population, the average weekly Kt/V was 1.98 (±0.6). For the CKD group, the average MDRD-measured estimated glomerular filtration rate (eGFR) [39] was 16.5 (±3.9) mL/min/1.73 m 2 .
Changes of HRV components in wakefulness and throughout sleep
In Figure 1 (and Supplementary Videos 1 and 2) , the HRV outcome variables are shown for all three stages. There appears to be a positive correlation between these outcome variables and no obvious relationship to dialysis dependency (quantified in the next section). Medians and interquartile ranges of the measured HRV components (LF/HF and HF) for both study groups in wakefulness, NREM and REM sleep are summarized in Table 2 . There were no statistically significant differences of the HRV components among the two groups in wakefulness, NREM and REM sleep stage ( Table 2) .
Predictors of overall HRV variables during sleep
We used GEE models adjusted for age, gender, diabetes, dialysis dependency, CVD, haemoglobin, bicarbonate, AHI and PLMI as well as use of beta-blocking agents. Out of the original 95 patients, 85 had complete information for covariates and HRV outcome variables in all three stages. In GEE regression models, presence of diabetes, higher bicarbonate levels and lower PLMI scores were associated with higher sympathovagal balance (Table 3) . Diabetes and bicarbonate scores had opposite effects on vagal tone (Table 4) . These findings persisted after adjusting for the interaction between stage and dialysis dependency (not shown).
HRV changes during wakefulness and sleep
There was no statistically significant interaction between stage and dialysis dependency in GEE regressions for either HRV outcome variable (not shown). Compared to wakefulness, we observed a statistically significant reduction in the sympathovagal balance during NREM sleep (P = 0.017) and an increase in REM sleep (P = 0.013). There was no statistically significant change in the vagal tone among the three stages (not shown). All GEE models estimated a positive correlation between the two HRV outcome variables and the three stages (Table 5 ) confirming the graphical assessments ( Figure 1 and Supplementary Videos 1 and 2).
Predictors of HRV variables at specific stages
In order to assess the significance of dialysis treatment and other selected covariates across the range of the HRV components at the three stages, we examined the deciles from 10% to 90% adjusting for the same covariates as in the GEE models. The effects of diabetes and PLMI in quantile regression models are shown in Figure 2A and B, and are discussed further below. In each figure, the influence of one specific covariate (diabetes or PLMI) on the two HRV variables studied during the three stages is shown with the interrupted line. An association is considered statistically significant for a particular quantile of the response if the associated confidence interval (grey-shaded area) does not include zero (solid horizontal line).
Diabetes (Figure 2A ). During wakefulness and NREM sleep, presence of diabetes was associated with statistically significant reductions in vagal tone but not in the sympathovagal balance. The reduction in vagal tone during wakefulness was consistent throughout the range of vagal tone but was much higher for patients with vagal tone scores in the upper quantiles. During REM sleep, presence of diabetes was associated with reductions in sympathovagal balance that weakened in patients with responses in the upper two deciles. The effect of diabetes on vagal tone weakened with the magnitude of the vagal tone variable. Nocturnal HRV response in CKD/ESRD 3737 PLMI ( Figure 2B ). PLMI was associated with higher sympathovagal balance responses during NREM sleep and lower vagal tone responses but only at the extremely high values (over the normal, middle to upper quantiles).
Female gender. Vagal tone was higher in women (vs. men) during wakefulness but not during NREM or REM sleep. The association between vagal tone and gender was quantitatively more important in the middle deciles of the response, but there was no effect for patients with low or higher responses.
Bicarbonate. Higher bicarbonate levels were associated with consistent decreases in the sympathovagal balance and higher vagal tone components, but the results were not consistently statistically significant. None of the other covariates entered in the quantile regression models (BMI, presence of CVD and enrolment age) expressed consistent association patterns with HRV variables during the sleep stages.
Discussion
These findings confirm that patients with ESRD have increased sympathetic tone in wakefulness and that this finding extends to patients with advanced CKD (stages 4-5).
Furthermore, in this study of HRV in individuals with advanced CKD or ESRD dependent on dialysis, we did not observe the physiologic pattern of an increase in parasympathetic tone upon transitioning from wakefulness to NREM sleep. While abnormal HRV has been well described in patients with renal impairment, the disruption of normal physiologic patterns of increased HRV during sleep is a novel finding that may shed further light on the risk of cardiovascular events and sudden cardiac death in this population.
Previous studies have demonstrated abnormal HRV responses in patients undergoing HD [6, 44] as well as transplant recipients [11] with findings broadly similar to the ones we report here, i.e. a reduction in the vagally modu- [45] . Results are presented as medians and 25th and 75th interquartiles (in parenthesis). CKD, chronic kidney disease; W, wakefulness; HF, high frequency; LF, low frequency; LNHF, natural logarithm of HF; NREM, non-rapid eye movements; REM, rapid eye movements. Nevertheless, abnormal HRV response is not uniformly observed in patients with renal impairment as some would be classified within the normal range according to the present guidelines [45] . However, more recent studies [46] point out the need to reach a new consensus towards a normative range for HRV indices [47] . In this report, we highlight several important predictors of abnormal HRV responses, namely diabetes, PLMI, female gender and serum bicarbonate levels. Diabetes can cause severe autonomic dysfunction, while cardiac (parasympathetic) autonomic activity is blunted even before clinical symptoms of diabetic neuropathy become evident [48] . In our population, diabetes was associated with a marked reduction in vagal tone during wakefulness and NREM sleep followed by a partial increase during transition to REM sleep. Even during REM sleep, diabetics exhibited an abnormal (reduced) sympathovagal balance likely reflecting cardiac autonomic neuropathy [49] . In our patient population, a high PLMI score was associated with predominance of sympathetic over vagal tone (high LF/HF ratio) and a drop in HRV. In previous reports, periodic limb movements have been associated with increased cardiovascular morbidity and mortality in patients with ESRD [50] [51] [52] . It is well known that patients with CKD also exhibit a sustained overactivity of the sympathetic nervous system, which is likely caused by neurohormonal mechanisms arising in the failing kidney, increased levels of angiotensin II and possibly asymmetrical dimethylarginine. This overactivity is related to hypertension and cardiovascular events, and is a predictor of mortality [53] . Our data suggest that a high PLMI score may be a clinically useful marker for sympathetic activity predominance. Screening patients with CKD or ESRD for PLMI could then be used to refer patients for a more direct assessment of their sympathetic activity, e.g. by measurements of norepinephrine, microneurography in sympathetic muscle nerve fibres, and power spectral analysis of heart rate and blood pressure variability [53] . A higher bicarbonate level appears to exert a protective role and is associated with a modest linear improvement in HRV variables suggesting that meticulous attention to acidosis could partially normalize the patterns of HRV variability in the CKD/ESRD population.
The findings of this manuscript should be interpreted in light of the following limitations. First, this is a crosssectional study and therefore unable to distinguish causal direction of the link between decreased HRV and advancing CKD. A longitudinal follow-up is needed to better characterize the natural history of HRV in patients with progressive CKD. Second, the lack of a healthy control group may certainly be perceived as a limitation of our work. Finally, chronic health conditions have been defined by self-report or self-report and medication use (i.e. insulin or oral hypoglycaemics). However, previous work has demonstrated that patients with ESRD are relatively good at reporting conditions such as diabetes and CVD [10] .
In conclusion, autonomic dysregulation during normal wake/sleep was indentified among patients with CKD and ESRD. This dysregulation was manifested both during wakefulness and as a failure to increase the parasympathetic aspect of the HRV in the transition from wakefulness to NREM and REM sleep. Sympathetic overactivity has been identified in numerous clinical conditions with many deleterious pathological consequences on the vasculature (e.g. vascular hypertrophy), metabolism (e.g. insulin resistance) and cardiac function (e.g. increased incidence of arrhythmia) [54] . Abnormal patterns of HRV during sleep stage transitions are a logical candidate marker of sympathetic overactivity and possibly higher risk of cardiac-related deaths in CKD and ESRD.
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